Newcastle disease virus (NDV, Herts strain) are temperature-sensitive (ts) at 43 C, although the wild-type virus (NDVO) which initiated the persistent infection replicates normally at that temperature. To study the relationship between the ts marker of NDVpi and the other properties which distinguish this virus from NDVO, NDVpi ts+ revertants were selected at the nonpermissive temperature and NDVO ts mutants were generated by treating NDVO with nitrous acid. Spontaneously-occurring ts mutants in the Herts NDV population were also isolated. The different virus populations were characterized with regard to plaque size, virulence for eggs, and thermal stability of infectivity, hemagglutinin, and neuraminidase. The NDVpi ts+ revertants, although no longer temperature-sensitive, retained NDVpi properties, whereas both spontaneously-occurring and mutagen-induced ts mutants remained wild-type in their other properties. These findings showed that the properties which characterized NDVpi were independent of the ts marker. However, the ts marker and the other markers of NDVpi were coselected during the persistent infection, and the combination of those markers appeared to be important in the outcome of NDV infection of L cells.
Henle and his co-workers (7) demonstrated that persistent infection of mouse L cells could be readily established with the Victoria strain of Newcastle disease virus (NDV). Early experiments indicated that the virus re-isolated from the persistently infected cultures differed from the parental virus in both plaque type in permissive chicken embryo (CE) cells (7) and in virulence for L cells (15) . Thacore and Youngner (23) found that stable small-plaque mutants could be isolated from mouse L cells (L ND\) persistently infected with the Herts strain of NDV and these mutants (NDVpi) differed from the parental Herts virus (NDVo) in several respects: plaque size in CE cells, virulence for chicken embryos, virulence for L cells, and thermal inactivation profiles of several virionassociated activities (23) (24) (25) . In addition, all of PREBLE AND YOUNGNER could not be detected between any NDVpi clones primarily as a result of viral interference at an early step in replication at either the permissive or nonpermissive temperature (11) .
The present report deals with the relationship between the temperature-sensitive marker of NDVpi and the other properties which differentiate NDVO and NDVpi. The following types of virus were compared: NDV,i ts+ revertants selected at the nonpermissive temperature; NDVO ts mutants generated by treatment with nitrous acid; and spontaneously-occurring ts mutants in populations of Herts NDV. The properties of each type of virus were characterized by the methods used previously to define NDVp, and NDVo (10, 23) .
To determine if selection of ts mutants of NDV is involved in the establishment and maintenance of persistent infection, the ability of NDVpi, NDVpi ts+ revertants, and NDVO ts mutants to initiate persistent infection in L cells was tested. In addition, persistent infections established by using two other strains of NDV, the Texas-GB and Kansas-Man strains, yielded temperature-sensitive mutants and the properties of the viruses selected in these persistent infections are also reported.
MATERIALS AND METHODS Cells. Primary CE cell cultures and a continuous line of' mouse L (clone 929) cells were propagated and maintained in Eagle minimal essential medium (MEM) plus 4% calf serum (27) .
Viruses. The origins and properties of NDVO and the NDVpi clones derived from the Herts strain of NDV have been described in detail previously (10, 23) . Two 20, 25, 29 , and 38 were diluted in medium and assayed at 37 and 43 C. Well-isolated plaques obtained from plates incubated at the nonpermissive temperature were transferred to CE cell monolayers in 2-oz prescription bottles. After 24 to 48 h at 37 C, when cell destruction was complete, infected fluids were harvested and assayed for infectivity at 37 and 43 C. Clones with a high plaquing efficiency at 43 C (43 C titer/37 C titer > 10-1) were plaque purified once again. Working stocks of five clones isolated by this procedure were prepared in CE cell monolayer cultures in 32-oz prescription bottles.
Mutagen-induced NDVO ts mutants were isolated after treatment of NDVO with NaNO2 in acetate buffer, pH 4.7, according to the method described by Granoff (6 (27) .
To confirm the establishment of persistent infec- The reisolation of clones from LND1' cultures was also performed at P.. Cultures were assayed for infective centers at the time of subculturing for P,, the plaque size was measured, and the agar over wellisolated plaques from the assay plates was placed into 1.0 ml of MEM at 4 C overnight. The virus eluted from these plaques was screened for temperature-sensitivity by the "welled-tray" technique described above. retained the small-plaque characteristic at both 37 and 43 C. Plaque size and temperature-sensitivity therefore appear to be independent characteristics.
RESULTS

Isolation
The growth patterns of the NDVpi ts+ revertants and the NDVO ts mutants at 37 and 43 C were confirmed by one-cycle growth curves in CE cells. The growth curves of NDVO ts 17 are shown in Fig. 1 ; the results with the other NDVO ts mutants were essentially the same. Replication curves at 37 C were very similar to those previously described for NDVO (10, 23) . At 43 C, however, no replication of NDVO ts 17 was detectable, although NDVO replicates normally at 43 C. The replication of NDVpi ts+ 38R6 in CE cells at 37 and 43 C is shown in Fig. 2 . At 43 C, significant virus replication was observed, with peak virus production (-30% of the 37 C yield) occurring 12 h after infection. The results also suggest that the ts+ revertants may be defective in a maturation step at 43 C since most of the virus remains cell-associated. Fig. 3 A,B,C, respectively. The results with the other ts+ clones were not significantly different from those obtained with ts+ 38R4. The data shown for NDVO and NDVpi were very similar to those previously published (10, 23 Table 5 . All of the spontaneous mutants could be classified as "NDV0": they produced large (2-3 mm) plaques in CE cells at 37 C; the HA and neuraminidase were not stable to heating, and they produced a covert infection in mouse L cells in which a large amount of replicated CAV was never released into the medium. These data confirm that with naturally occurring clones, as well as with mutagenized clones, no relationship exists between temperature-sensitive markers and other properties associated with NDVp0.
One other result is worth noting. The spontaneous ts clones were tested for the ability to synthesize virus-specific RNA in CE cells at 43 C by using methods which have been described in detail (10) . All four spontaneous mutants failed to synthesize virus-specific RNA The data given in Tables 6 and 7 clearly demonstrate that the L-cell cultures were persistently infected with NDV. It was also observed during the course of the cell passages described above that the time required for development of NDV plaques in infective center assays in CE cell cultures increased from 3 to 4 days to 6 days; this suggested that selection of slower growing variants or mutants had occurred. To test this possibility, and to determine the temperature-sensitivity of virus present, clones of virus were reisolated from each persistently infected culture and screened for ability to replicate at 37 and 43 C by using the "welled-tray" technique described in Materials and Methods. At 37 C, all infected monolayers showed extensive cytopathology by 48 h. In contrast, in one experiment, only 6 out of 65 monolayers infected with virus clones from L NDV cultures showed minor cytopathic changes at 43 C, although all NDVO-infected monolayers at this temperature were completely destroyed. Culture fluids from about 40% of the wells at 43 C were assayed for infectivity and significant virus replication was detected only in fluids from wells with degenerative changes in the cells.
In two experiments, 78 plaque-purified clones from the various persistently infected cultures The mechanisms for the establishment and perpetuation of L-cell cultures persistently infected with NDV are largely unknown. The experiments described above explore the possibility that selection of ts virus mutants, which also differ from wild-type virus in other properties, may be involved in maintenance of the carrier state. Other workers have also noted that virus recovered from persistently infected cell cultures may be different in properties, e.g., plaque size and virulence, from the wild-type virus used to initiate the infection (5, 17, 18, 21, 26) . In several instances reports have also appeared describing ts behavior of virus associated with persistent infections. An attenuated mutant isolated from Frukto mouse sarcoma cells persistently infected with Western equine encephalitis (WEE) virus (18) also had a decreased growth potential at 42 C, whereas the wild-type virus replicated normally at this temperature (19) . When the attenuated strain was passaged at 41 C and clones were selected for growth at that temperature, the resulting population retained its attenuated characteristic. In contrast, when virulent revertants were selected, the reversion to virulence had no effect on the ts marker (19) . These studies, therefore, were similar to the studies with NDVpi ts+ revertants and NDVO ts mutants reported here in which the ts and plaque type markers of NDVpi were found to be independent mutations even though they were co-selected in the persistent infection. The studies with the WEE mutant support the hypothesis that mutations selected during persistent infection are not random. In another study, Nagata and coworkers (9) reported the establishment of BHK-21 cells persistently infected with Sendai virus. The viral maturation in these cultures was normal at 31 C, but ts at 37 C.
One study has also linked carrier infections in vivo with selection of ts mutants (20) . Plaque production by strains of foot and mouth disease virus isolated from carrier cattle was inhibited at 40 to 41 C, whereas plaque production by vesicular isolates was not affected by the increased temperature. In addition, plaque size on BHK monolayers was smaller with carrier isolates than with vesicular isolates.
Results from several different virus-cell systems, therefore, suggest that a property of persistent infection is selection of mutants or variants with impaired ability to replicate at high temperatures. The demonstration of a small population of spontaneous ts mutants in Herts NDV preparations suggests that perhaps these virus clones are selected during early stages of the persistent infection of L cells with NDV and only later do the structural alterations implied by the altered thermal stability of NDVpi evolve. It is possible that a low level of this type of virus is present even in cloned populations of virus, such as NDVO or the NDVpi ts+ revertants since passage through eggs is known to affect the stability of NDV populations (23; Preble and Youngner, unpublished data).
We are currently investigating the generality of the phenomena observed in the NDV-L-cell system; we are testing virus-carrier systems involving other paramyxoviruses, as well as viruses unrelated to NDV, in L cells and other cell lines to determine if the outcome of persistent infection is dependent on the particular virus or host cell used.
